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-R Gefabrication is a complex set of operations set within a rapidly changing technology environment. It is

( subject to chance variations In process parameters, poor understanding and control of many parameters,

Ln and subtle Interactions between them. At the same time, processing times and costs are increasing. The

( ,) natural side-effect of these Is that IC manufacturers must require more evidence that the predicted and
actual process characteristics will be w.ihin a tight tolerance. The prevailing means to verify process

00 performance is through simulation. Unfortunately, while traditional process simulation tools such as

SUPREM III have become pervasive in the IC industry as design aides for process development, they are
~ not suited to the problems of manufacturing-level process simulation. What Is required is a high-level

process simulation tool that can introduce abstractions that reduce complexity and algorithms that reduce
simulation costs. We have built such a tool called SHIPS, which stands for Stanford High-Level Incremental

' Process Simulator. The SHIPS tool provides a high-level process description language, a structured user-
Interface, and a new simulation algorithm for reducing the number of modules that must be simulated In

analyzing the manufacturability of a process. Our Implementation uses the SUPREM III process simulation
program while incorporating a simulation Independent architecture. In this paper we describe the

SHIPS system and the algorithm it uses hieve large reductions (69% In the example given) in the
amount of CPU time required to perform varia al process simulation for analyzing the manufacturability of

a process. _
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SHIPS: High-level Process Simulation for VLSI ManufacturingPdiml Fd N
Stevent D. Leeke and Krishna Saraswit

Th'le Center for Integrated Systems
Stanford University
Stanford. CA 94305

1. Introduction
VLSI fabrication is a complex set of operations set within a rapidy
chainging technology envirourent it is subject go chance variations in
process parameters, poor understanding anid contro of many parameters,
and subtle interactioats between thewn. At the same time, processing
times and costs are increasing. T'he natural side-effect of these: is that IC
mantifacturetrs must require more evidence that the predicted and actual
process characteristics will be within a tight tolernce. The prevailing * .utthi
means to verify Process performance is throuigh simulation.P.od Nstw
Unfortt111mately. while traditional process simulation tools such asFigure 1: Thie view of a process using a I -dimensional simulatr.
SUPREM IIl have become pervasive in the IC industry as design aides The language supports numeric expressions functions, and variables;for process development, they are not suited to the problems of string variables; a block structure based on the modules of a process;mtanufacturing-level process simulation. T1hey are designed for single- for-to and set assignment statements for multi-value assignments; sunple
run simulation, not variational, anid have no support for gathering statistical and factorial analysis of the simulation results. and integration
statistics on multiple simulations. What is required is a high-level to other simulation programs for post-processing of the simulation resultsprocess simulation tool that can introduce abstractions that reduce vaotu ttmnsadyedprmtr.A xml fasmlto
complexity arnd Algorithms tha reduce simulation costs. We have builttstmnsad il aamtr.A eapeo asmlto
such a tool called SHIPS, which stands for Stanford High-Level wte nteSISlnug ssoni iue2
Incremental Process Simulator. In this paper we describe the SHIPS MAiiION~zo Reel Prcess: /- The name of the simulation /

system and the algorithm it uses to achieve large reductions in the RC 2cosphnolnhaepsrdnnsc.O)
amount of CPU time required to perform variational process simulation 'IJ1 /- Variable declarations /

for analyzing the manufacturability of a process, loxtie uuin~c;

2. High-level Process Simulation MIND;
To date there have been only a few efforts at manufacturding-level lox-tine - 100:
process simulation. That is. the application of process simulation to ice step - 10:
problems of variability in a process. This requires the statistical analysis /*WITH statements operate on a module to change the
of the process via a larg number of simulations. Some of t better parameters .ithir tthe module.1
known wa suiccessfual efforts have comne front CMU and Hitachi, with WHE Initial Oxidai DO
the Fabrics family of programs and the CASTAM program. /- A multiple, - nmant using a FoRt statement /

respectivelyt1. -3. The former is an evolving set of tools for process T ie O10A o~tp
information capture and simulation. device simulation, and parameter
extraction for circuit simulation. The Fabrics process simulation is done 5IITZ P+_sre drn implant 00
using only analytic models. This has t advantage of speed, but ft /- A sinwieo assignment *
disadvantage of significant errors for state-of-t-art technologies. /. A multiple assignent using a SET statement1

3. The SHIPS System OW Z5 dse-10:,11,5ll
The SHIPS system improves on previous work by: OUT'PO Jctn depth mean stddev: 1* The results we wiant a/

" MM tdhe SUPREM tM Proess "11metaraoiin Progra and its avne phsia 5INOI.TE ~ m i it To riasaivate; /simulate /

" tlznga nreetlsmuainAloih t eueth vrllCUtm Flgure 2: An example simulation program in the SHIPS language.
reuttired uor cnsimtiiniatoi.grtu nrdc i nrl P 5. The Incremental Simulation Algorithm

" Uiliziiig 4 hiaueel rcessimlaion lnug.SH.that psroie a ver Simulating the effects of variations in process parameters can become an
Compctntto rprengcomle Process ambitions. imposing task when either the complexity of the process is high, the

" ictiifid a thre levet abstructiac of VLtSI processing io reduce die coiiplexity as number of parameters being varied is large, or the number of values
miy one level. Thse dies levels wei descending orer. pmm oa.ada, assigned to any one parameter is large. At present. most full process

" Using pmene 111C)s libraries 10 Augmnt thes procesing1 abwcun mc simulations using a physical simulator such as SUPIIEM Ill are done in
provides a way in group rttied collectonm of paocmmg modules. This usiomilar an a priori fashion. That is, the ennire simulation is repeated each time a
to ths Use of SZisided cart tibwines for ASICs. parameter is changed. Incremental simulation utilizes the modularity of

" Providing a strucued usr ierface that is meau-tinen. ses eirrclsecued rom. the process description to reduce the simulation to the minimum number
based entry. and incltudeseaotene on-tm. help. This reduce, die tenet of of modules possible. The simulations are generated such that only those
expeise reqared in profitabily utilize the system, modules which will be impacted by a particular parameter change are

" Performing the simnutions nsi utlion entine indecuentlee maimver. Tis re-simulated. Keeping track of thce intermediate simulations requires a
ammas to havig the 5ttP5 Programs gerise cede for the rocess smuolstr and simulation supervisor.
handling sit iierracsiig to the siotatoe issetf. Tis altows the use so concen
himself with the specificaioni of die process and the sunulaunm n eiste,su The increniental simulation algorithm provides a dramatic improvementrather thent with the immaccies or the suinilator. it atim suppeess the toe or mom vrapir iuain h olwn eiiin r sdi

dimsateproessioisttir fes teensonlatoitexpressions comparing t number of modules simulated during a priori
4. The SHIPS Language and Compiler and incremental simulation.
Thec SHIPS language is a structured laniguage designed to provide a &*M aTe length of thprcessn modles
compact notation for representing large-volume process simulations. * I a The numbern of modules that wer changed such thm the pwanewen of thisThe tar -uage has constructs for defining the process to use, the views of module havesa ctsutlative product or changes diet is &meer than one. Using the
the process to be simulated, and the output information of interest. A definitios itele,. dhite o the kth module m ihe process if flm,,Vs> 1.
view is. in the simplest sense, a certain process sequence as determined * P a The numnber of parsnenemsigred two or more verues in die ith module die
by the lithography of the process. For a one-dimecnstonal simulator such -as chesgled
as SUPROM Ill the natuiral view is a profile, while for a two-dimensional 6 * T'he tunmher or vaiins of thu psh paetrer at the idi module diet wa;
simulator it becomes a cioss-section. (See fipre 1.
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.*. ll n This mberti of moihlla smutad ind Ou h l... of di mvmea 6. Incremental Simulation Example
miiilaumFor a process with 60 modules, table I shows che modules that have bcen

" sol a 7Ue WMuW of modlulu s taloWe by creseeg 8l of de aitltift input changed and the number of changes.
pop- a Wrim Modle No. Pysmoem No. of Chasagtes

" N a uTl% ainhw of moA&W~ simul"e by ebb~g II. eiaatieue kxauommully 10Chwitd 2

Given the~se deinitiot; t following expressions; can be wriue for the 2
tota number of modules simtulate with the a pri and incremental 40 1 3
altoiuns. so I 2

od n.0po ll- T"bl 6-1: twarmentiul uimultio algorichmi exiimts for M -60.

li. Mjflfw,..1 1 V) 40Jlfijl,,V)& The results for the simulations ameas follows:
Main th foll .i efln~tiors)&sm . 432D mdule simuloWe

Making ~ ~ ~ ~ ~ ~ ~ s tefloigefssln:. . 134 modues imulaa
flPI~~a(I'IedJJ~~S) / .S_.,-.,3.22 W S_ / a3go6th -euie onl31

lL*~jfriVd This shows that new incremental siulainlg-tmrqreoly3%
we find tha Sow /S1 - Fi..u A1  Bi 8mn 1 ,,l Aj 5mi This implies as much simulation effort as the a priori algorithm.
that max(Bi) Z SdS~w 2! min(B1) and in general S, < Sow for I > 1I 7 onlso
mid Sol = Sam for I a 1. The gains achieved using the new algorithm, .C nlso
however, are dependent on where the variations occur in the process and T'he SHIPS system for high-level process simulation provides a high-
their number. level process description language, a stnictured user-interface, and a new

simulation algorithm for reducing the number of modules that must be
From the algebraic results it can been seen that the reduction in simulated in analyzing the manufacturability of a process. Our
simulation effort increases as the variations occur later in the process an implementation uses the SUPREM Ill process simulation program while
in greater number. This is a result of the incremental nature of the inoprtgasmutoneieidpnetachetr.
algorithm. This can be see more clearly in graphical form. In figure 3 inoprtgasmutoneieidpnetacietr.
the the differences between the a priori simulation algorithm arid the 8. Acknowledgements
incremental are highlighted. This figure uses the data given in the The authors wish to thank Dr. John Short of the Stanford IC Lab for his A
example below. Nodes represent simulations and connecting lines leadership of the manufacturing simulation program. This work was %
indicate that the node higher in the tree supplies the starting information supported by SRC contract 94-01-046 and DARPA contract MDA
for the simulation in each of its children nodes. The information 903-80-C-032.
pertaining to the a priori algonithm is shown in grey and to theerece
incremental algorithms in black.Rfrne
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FIgure 3: A companion ofthesapriori and incremental simulation costs. ~F
Only one-half of the simulations are shown since for the incremental *Ic PCj. '- F]
algorithm the resulting tree of simulation nodes is identical ahout the root r _
node. The number of modules simulated for each node is given at each OY- -. ,

level in the diagramn along the right side. Thecre are 216 grey nodes %.--- .

shown for a total of 432. indicating the simulation of 4320 modules. B9V. ________

There are 64 black nodes shown (63 non-root) usd when the numbers of i MItj i
simulations are added up for each black node, including those nodes not , Ih t10 /
shown, the total is 1341 modules. This graphical representation is anl L .'ut, I it y Co d P
easy way to see the advantages of the incremental simulation algorithm
over the a priori. A n ide
In addition to reducing the cost of the full simulations, the SHIPS system C e ia
is being extended to exploit the incremental algonithm for run-time
control over the simulations. Th1is will allow the user to specify limits
for the values of interest in the simulations, and if those limits are
exceeded for any given node the simulations mreprsientled by its
descendant nodes will not he performed. This can be used to further
reduce the cost of variational process simulation by reducing the sir- of
the solution spac.
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